Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) activities of LiCoO 2 nanorods with sizes in the range from 9 to 40 nm were studied in alkaline solution. The sides of these nanorods were terminated with low-index surfaces such as (003) while the tips were terminated largely with high-index surfaces such as (104) . We correlated the electronic and atomic structure to higher specific ORR and OER activities at the tips as compared to the sides, which was accompanied by more facile redox of Co 2+/3+ and higher charge transferred per unit area. These findings highlight the critical role of surface terminations and electronic structures of transition metal oxides on the ORR and OER activity.
3
Design of highly active catalysts to catalyze the redox of molecular oxygen is critical to realize air-based energy storage in the pursuit of sustainable energy. The kinetics of oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) limit the efficiency of many electrochemical technologies, including proton exchange membrane fuel cells, 1 water splitting [2] [3] [4] [5] and rechargeable metal-air batteries. [6] [7] [8] [9] Earth-abundant and precious-metal-free transition-metal oxides can catalyze ORR and OER with comparable activities to precious metal-based catalysts in alkaline solution. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Recent studies have shown that electronic structure features of oxides such as e g occupancy 13, [18] [19] of transition metal ions could govern the ORR/OER activities of transition metal oxides, where having an e g occupancy close to unity showed maximum specific ORR and OER activity. 13, 18 More recently, it has been found that moving the O p band center closer to the Fermi level leads to much enhanced specific OER activity. 12 In addition, a better flexibility of transition metal atoms to adopt various oxidation and spin configurations is also correlated to higher OER activity. 20 However, these previous studies 12, [16] [17] [18] [19] employ oxide powder samples that have undefined surface facets. Therefore, the reported ORR and OER activities represent the averaged activities from all surface facets exposed to the alkaline solution.
Here we examine the role of oxide surface terminations on the ORR and OER activities in alkaline solution using LiCoO 2 nanorods, which have been reported recently to have low-spin Co 3+ on the nanorod sides predominantly terminated by the (003) facet and intermediate-or high-spin Co 3+ on tips that are usually dominated by high-index surfaces such as (104). 21 The ORR and OER activities and 4 pseudo-capacitance of these rod-shaped LiCoO 2 were studied in 0.1 M KOH. Higher specific ORR and OER activities accompanied by higher charge transferred per surface area during Co 2+/3+ and 3+/4+ redox processes were found at the tips, compared with the side surfaces.
The LiCoO 2 nanorods were characterized firstly by transmission electron microscopy (TEM). These nanorods have similar morphologies (Figures 1a and 1b) but different sizes and were denoted by their average diameter of 9, 14, 31 and 40 nm ( Figure 1c ).
The calculation of tip and side surface areas can be found in the supporting information (SI), and the results are shown in Table S1 , with tip surface areas ~ 3-9 m 2 /g and side surface areas ~ 25-150 m 2 /g. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Electron energy loss spectroscopy (EELS) analysis of LiCoO 2 nanorods suggested that the tips could have lower hybridization of Co-O bounds than the sides.
Representative EELS spectra of the pristine 9-nm sample are shown in Figure 2a and 2b, where the position of EELS acquisition is shown in Figure S2 . The Co L 3 /L 2 ratios of ~2.7 were comparable to those of our previous XPS results, 21 indicative of Co oxidation state of 3+, and no noticeable changes in the Co L 3 /L 2 ratio was observed between side and tip. For O K spectra, the area of the pre-peak was linearly proportional to the product of the total number of the empty O 2p − Co 3d states (4 for Co 3+ considering equal weighting of e g and t 2g electrons) and their extent of hybridization. 19 The quantitative analysis of the difference of O pre-peak areas between sides and tips can be found in Table S3 , where the side of pristine LiCoO 2 showed a ~20% larger pre-peak area in the O K-edge than the tip at around 532 eV, consistent with our previous study on LiCoO 2 nanorods. 21 The smaller pre-peak on tips suggested an intermediate-or high-spin Co 3+ with weaker hybridization of O 2p
and Co 3d, originated from the under-coordinated Co atoms on tip surfaces ( Figure   S7b and S7c), 21 while the fully-coordinated Co atoms on nanorod sides ( Figure S7a and S7e) have a low-spin state with a greater degree of O 2p and Co 3d hybridization.
Such difference in electronic structures between tips and sides could play an important role in surface catalytic reactions, as it is expected to influence the absorption of oxygen. (case 1); bottom row (e) and (f) is the other set of spectra (case 2). The analysis of O K pre-peak (at 532 eV) intensities can be found in Table S3 . The geometric ORR and OER activity (which is proportional to mass activity in this study due to identical oxide loading) in Figures 3a and 3b suggested that the smaller the particle size, the higher the total activity, due to the higher total surface area of the smaller nanorods. After normalizing by the total surface area, which is usually done by previous works to compare the specific activity, 9, 13, 15, 18 we found that the larger size samples with diameters of 31 and 40 nm have higher ORR activity and slightly higher OER activity than the smaller ones of 9 and 14 nm, as shown in Figures 3c and 3d. However, one cannot assume that the tip and side surfaces of LiCoO 2 nanorods have similar OER and ORR activities, and the normalization by total surface area is not accurate. Thanks to the well-defined shape and facet of the LiCoO 2 nanorods in this paper, we are able to separate the specific activity of the tip (j tip ) from that of the side (j side ) using the algebraic method described in the experimental methods. The results in Figure 3e showed that the tip surfaces are ~10 times more active for ORR than the side surfaces. In OER, the tip surfaces are still more active than the side surface (Figure 3f ), although the difference (~4 times) is smaller than that in ORR.
The tip of LiCoO 2 showed comparable specific OER and ORR activities to other active Co-containing micron-sized oxides such as LaCoO 3 (see Figure S1 ). This will be further discussed in the later EELS session.
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In addition to OER and ORR, the tip of LiCoO 2 nanorods was found to be more redox active than the side surfaces in the redox of surface Co atoms. Redox peaks of LiCoO 2 in 0.1 M KOH were clearly discernible in the CV at ~1.1 V and ~1.4 V (vs. RHE), respectively ( Figure 4) . We found that the smaller LiCoO2 samples have Co oxidation and reduction peaks farther departing from the equilibrium potentials, which might be caused by their larger ratios of side surface that is less reactive and/or less surface conductive due to the fully-coordinated surface Co atoms on the sides ( Figure S7a ).
We have shown previously 9 that the redox peaks of LiCoO 2 in 0. (Figure 4a ). The integration of charge associated with these Co redox processes after double-layer capacitance subtraction (Figure 4b) showed that the charge associated with Co 2+/3+ redox (~1.7 C/m 2 ) was one order of magnitude larger than that of Co 3+/4+ (~0.17 C/m 2 ), see Table S2 . We can also find that the smaller samples have more charge transferred per unit weight during both redox processes due to their higher surface areas from Table   S2 . It has been proposed previously that LiCoO 2 reduces at the surface in a non-aqueous electrolyte due to Co occupying Li sites while the bulk is unaffected. 27 The resulting spinel-like structure is also supported by in-situ XAS in 0.1 M KOH 24 and has been previously proposed as the active surface for OER 28 and ORR. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 found on the side but considering experimental uncertainty in the analysis, the difference might not be significant. The difference in redox charge associated with Co 3+/4+ found on the tip and side is comparable to the OER activity difference. The surface Co redox can also be confirmed from EELS: after ORR the Co L 3 /L 2 ratio increased from original ~2.7 to ~3.8 for tips and to ~3.1 for sides (Figure 2c and Table   S5 ), indicating the partially reduction of surface Co atoms; 29 while after OER, the L 3 /L 2 ratio decreased to ~2.5 for tips and is still ~2.7 for sides ( Figure S5a and Table   S5 ), indicating the partially oxidation of Co on tips. The change of L 3 /L 2 ratios on tips are larger than on sides, and the change after ORR is larger than after OER, which is also in consistent with the result in Figure 4c that shows tips have larger charge transferred per surface area than sides and Co2+/3+ redox process has larger charge transferred than 3+/4+ redox.
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The Journal of Physical Chemistry Letters   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Table   S3 . This indicates the open structure ( Figure S7b ) can be at least partially kept during OER and ORR on the tip. This can explain the higher ORR/OER activities of the tip as compared to the side, since the open structure and the under-coordinated Co ions on tips can adsorb oxygen species from the electrolyte more easily ( Figure S7d ) and therefore could promote ORR kinetics assisted by more facile Co redox via CoOOH + H 2 O + e -↔ Co(OH) 2 + OH -at the side, with the oxygen being more easily to dissociate/intercalate. 13, 18, 20 We also found 50% of the LiCoO 2 nanorods showed comparable O K pre-peak areas between tip and side after OER or ORR, all close to the pre-peak of pristine side surface (peak area ~4.5), as shown in Figures 2f, S5d and case 2 in Table S3 . This can also be observed in a control experiment with the pristine 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 sample immersed in O 2 -saturated 0.1 M KOH electrolyte for 1 h ( Figure S6 and Table   S3 ). This changing of tip pre-peak area is probably due to the under-coordinated surface Co on the tip getting bonded by water or OH/OOH groups ( Figure S6e ) and then the surface reconstructed, making the coordination and chemical environment of
Co atoms on the tip become similar to that on the side. A comparable oxidation of Co(OH) 2 in 1 M KOH has been reported previously. 25 During control experiment, the LiCoO 2 nanorods statically contacted and adsorbed water or OH/OOH groups for a long time, which led to the gradually reconstruction of all the under-coordinate Co on tips; while during ORR or OER, the OH/OOH group adsorbed on under-coordinate Co ions is continuously consumed and re-adsorbed, and therefore the active Co sites on the tip surface are cyclically regenerated without long-time OH/OOH group adsorption, which might be the reason that only some of the nanorods lost their under-coordinated tips after ORR or OER.
In summary, we report that the tip surface of rod-shaped LiCoO 2 nanoparticles, with high index surfaces such as (104), has higher ORR and OER activity as compared to the side with low index surfaces. In addition, the tip surface has larger specific charge transferred than the side for both Co 2+/3+ and 3+/4+ redox processes. The more facile access to oxygen species and easier redox of under-coordinated Co atoms on high-index tip surfaces are used to explain the difference in catalytic performance between tips and sides. These findings showed that the surface catalytic reactions, such as OER and ORR, are closely related to surface terminations that determine the surface atomic and electronic structures of transition metals oxides. Therefore, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   14 controlling and modification of surface terminations could be an effective way to design future catalysts.
EXPERIMENTAL METHODS
Material preparation and more experimental details can be found in SI.
Electrochemical Measurements. The rotating disk electrode (RDE) configuration was employed for electrochemical measurements. All potentials were calibrated to the reversible hydrogen electrode (RHE) using H 2 /H + redox. LiCoO 2 samples were mixed with the oxides: AB carbon: Nafion® ratio of 5:1:1, and the oxides loading on the disk is 0.25 mg/cm 2 disk . All electrochemical measurements were done in 0.1 M KOH, with IR (resistance determined using electrochemical impedance spectroscopy) and double-layer capacitance corrections (see Figure S8 ) when available. All measurements were repeated 3 times to establish good reproducibility.
Transmission Electron Microscopy. TEM images were taken on JEOL 2010F with a point resolution of 0.19 nm, used to determine particle size distributions and general morphology of the catalyst nanoparticles. High resolution TEM images were formed without an objective aperture and were analyzed using Gatan Digital Micrograph v2.01 (Gatan Inc.). LiCoO 2 particles were assumed to have a rod shape with different sizes and are noted using their average diameters of 9nm, 14nm, 31nm and 40 nm, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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